In recent years, a variety of 'near-field' microscopes have been developed which work on a completely different principle from familiar diffraction-based light and electron microscopes. Instead, near-field microscopes scan a stylus, in raster fashion -that is, in a series of horizontal sweepsover the sample surface, while monitoring some interaction between the tip and the sample. Various types of interaction can be measured and used to control the tip-sample distance, but the most effective for imaging biological objects is the mechanical interaction between tip and sample. This is the basis of the atomic force microscope (AFM) [1] , which can be used with samples in a vacuum, in air or in liquid, and modern versions of the instrument are so sensitive that forces between interacting proteins can be resolved.
The breakthrough in biological applications of the AFM came with the development of the liquid cell, which permits the observation of samples in buffer solutions [2] . The surfaces of protein and nucleic acid molecules can thus be studied under physiological conditions, allowing not only their structure, but also their dynamics to be analyzed [3] . The key element of the AFM is the stylus, which must be atomically sharp at its very end. Comparison of surface structures characterized by X-ray crystallography with the surface contours recorded with the AFM have proved the validity of information obtained using the latter technique [4] .
With a tip that contours the surface of a biological structure at subnanometer precision, a 'nanotool' is now available that allows chromosomes to be cut [5] , protein complexes to be disrupted in a controlled way [6] or conformational changes to be induced in single molecules [7] . Moreover, filamentous proteins, linear polymers or DNA molecules can be tethered to both support and tip to measure their compliance when the tip-support distance is increased. This possibility has opened a new fieldsingle-molecule force spectroscopy [8] [9] [10] .
Image recording, forces and tip geometry
With the AFM, an image -often referred to as a 'topograph' -is recorded by raster scanning the sample with the tip of a stylus. The stylus is attached to a flexible cantilever, while a servomechanism displaces the sample vertically to keep the cantilever deflection constant. An optical system resolves deflections of 0.1 nm, corresponding to a force difference of typically 10 pN [11] . With modern instruments, a stable contact mode operation (see Figure 1 ) is possible at a somewhat higher force, some 50-100 pN, provided that the sample is in an aqueous solution. Various Figure 1 Imaging modes of the AFM. (a) In the constant force mode, the servomechanism moves the cantilever up over elevations and down over depressions, while the sample is raster scanned below the stylus. (b) Because the servomechanism reacts only after a difference signal is detected, a deflection of the cantilever is inevitable at sharp edges. This error signal provides an image that reveals the edges of the surface topography. Although air-dried specimens are frequently studied, high resolution cannot then be achieved because of sample dehydration artifacts and the relatively high attractive capillary forces (10-100 nN) that arise from the meniscus around the stylus formed by the surface water layer. We shall therefore focus on results recorded in buffer solution. In a simplified model, tip-sample interactions in aqueous solution are governed by electrostatic and van der Waals forces. Hydrophilic surfaces are charged in water, generating long-range electrostatic interactions. These can be attractive or repulsive, depending on the surface charges which, in turn, depend on the pH. The distance-dependence of the interaction can be controlled by screening the surface charges with electrolytes. As the stylus, made of silicon nitride (Si 3 N 4 ), is negatively charged at neutral pH, and protein layers are often also negatively charged, the electrostatic forces are frequently repulsive. In biological systems, van der Waals interactions do not depend on the ionic strength, they decay rapidly with distance and they are always attractive. The 'DLVO' theory describes these forces quantitatively and allows the interactions between a spherical tip and a planar sample to be modeled, suggesting ways of optimizing the recording conditions [12] .
While suppliers specify tip radii of 10-50 nm, topographs of flat biological surfaces that exhibit a resolution of 1 nm have been acquired routinely [3, 4, [12] [13] [14] . The tips therefore most likely had a single nanometer-sized protrusion that enabled the contours of the finest surface structures to be determined. Such a small protrusion exerts a prohibitively high pressure on the underlying structure, inducing its deformation. A large contact area thus results from contact of the sample with the large tip, reducing the pressure on the macromolecules to a reasonable level [11] . Developing this model further, electrolytes can be used to adjust the tip-sample interactions, provided that the electrostatic forces are repulsive. The tip then surfs on a cushion of electrostatic repulsion, while the small protrusion is in contact with the biomolecule [12] .
Instead of electrostatic and contact interactions between the tip and the sample, more specific interactions can be exploited in AFM imaging, such as local hydrophobic interactions or even specific biomolecular interactions [8] . Chemically functionalized tips are used in this so-called 'chemical contrast' imaging. By attaching specific ligands to the tip, the target -for example, a receptor molecule or a blood group antigen -can be identified and imaged at a cell surface [15] .
High-resolution imaging and protein surface manipulation
High-resolution imaging has been improving steadily in several laboratories [4, [11] [12] [13] [14] . This has brought progress in analyses of DNA conformations, nucleoprotein complexes and membrane proteins (reviewed in [3] ). For example, topographs of α-hemolysin packed onto a supported lipid bilayer have been recorded at 1 nm lateral resolution and show that α-hemolysin exists as a hexamer when associated with a lipid bilayer [13] . In contrast, αhemolysin is solubilized by deoxycholate as a heptameric complex, whose structure has been determined by X-ray crystallography. By optimizing both the electrolytes and the recording conditions, the surfaces of bacteriorhodopsin molecules have been imaged at 0.5 nm lateral resolution [14] . Loops that connect the α helices of bacteriorhodopsin can be resolved, as can certain lipid head groups.
Because topographs of such quality are recorded in physiological buffer solutions by low-force contact, the function of protein complexes is not impaired. Conformational changes induced by a physiological signal can now be monitored within a single protein molecule by AFM. A striking recent observation is the conformational change that can be triggered in the bacterial porin OmpF by a change of pH from 7 to 3, as well as by an external electric field [16] . The stylus can also be used as an accurate nanotool to dissect chromosomes [5] , disrupt protein oligomers (Figure 2) [6] or induce a conformational change, as has been demonstrated with bacteriorhodopsin [14] . 
Force spectroscopy
The sensitivity of force measurements with the AFM makes possible the analysis of such biologically relevant phenomena as molecular interaction forces [8] , leukocyte adhesion [8, 10] and protein unfolding [9] . Such measurements are one-dimensional: the sample is pushed towards the stylus and retracted from it, rather than raster scanned in a plane. During retraction, the adhesion forces resulting from molecules tethered to the support and attached to the tip are measured. Upon separation of tip and sample, the molecular bridge is stretched, and the bending of the cantilever is recorded. In this way the enthalpic contributions to the deformation, which are characteristic for the chemical nature of the tethered polymer, are measured, providing a wealth of detailed information, ranging from conformational transitions to force-driven changes in supramolecular organization. Figure 3 illustrates how this approach can be used to stretch individual proteins, in this particular case titin [9] , until they unfold. The uppermost trace in Figure 3a shows the sawtooth-like elongation which reflects the unfolding of individual immunoglobulin domains, which make up most of this modular protein. Stretched molecules refold to various degrees depending on the resting tension or the duration of the relaxed state. Molecular dynamics simulations (see Figure 3b ) predict that the stability of the immunoglobulin domains is dominated by the hydrogen bonds of the beta sheet [17] . As can be seen in Figure 3c , the elasticity of the protein can be quantitatively described with very high accuracy by a worm-like chain model. As the forced unfolding is an all-or-none event, the mechanics of unfolding and refolding can be modeled as a
Markovian two-level system [18] . This model provides a very good description of the elasticity of a broad class of modular proteins, including titin, tenascin spectrin and alpha actinin [19, 20] .
Perspectives
The past few years have seen amazing progress in biological applications of AFM. Imaging in aqueous solutions, initiated by the Hansma group [2] , has been brought to perfection, leading to images that have a strikingly high signal-to-noise ratio and compete with the best results from electron microscopy. As AFM operates in liquid and at physiological temperatures, dynamic changes of biological samples can now be studied under native conditions. Force spectroscopy is a new field that has already given exciting data on protein-protein interactions and protein folding. These rapid developments demonstrate the power of these new types of molecular mechanics measurements, and also suggest that the AFM is still open for new ideas and developments. As indicated by a pioneering paper [15] , the combination of force measurements and imaging will allow receptors to be detected and localized on cell surfaces. Another area of interest is the development of probes that can detect multiple signals, which should prove useful in the direct assessment of the relationship between structure and function of biomolecules. 
